A bipolarly flagellated magnetotactic spirillum containing intracellular chains of single domain-sized magnetite crystals was isolated by applying a magnetic field to sediments from a freshwater swamp. The organism was cultured in a chemically defined medium containing ferric quinate and succinate as sources of iron and carbon, respectively. Nonmagnetic variants of this isolate were maintained in chemically defined medium lacking ferric quinate. In contrast to magnetic cells, these had less iron and lacked measurable magnetic remanence and the intracytoplasmic crystals. In other respects, including moles percent guanine plus cytosine content, growth characteristics, nutrition, and physiology, the two types were similar. The isolate reduced nitrate without accumulating nitrite and produced ammonia during growth. Nitrate or ammonium ions served as a nitrogen source. The organism was microaerophilic and did not grow anaerobically with nitrate in the medium. In chemically defined medium, cells synthesized magnetite only if the initial 02 concentration in the atmosphere of sealed cultures was 6% (vol/vol) or less.
Motile bacteria which passively align northsouth in applied magnetic fields and contain novel, iron-rich intracellular crystals have been described previously (5) . Large populations of these fascinating bacteria developed in stored muds from marine marshes and freshwater swamps and were used in behavioral studies conducted in controlled magnetic environments. The results established that each magnetotactic organism oriented to the vertical as well as horizontal component of the geomagnetic field (A. J. Kalmijn and R. P. Blakemore, Proc. Int. Union Physiol. Sci. 13:364, 1977) . Subsequent studies revealed that magnetotactic cells each possessed an intrinsic magnetic dipole moment (11) . For biochemical analyses of magnetic bacteria, a great need has existed for pure cultures. This report describes the isolation and methods used to culture a microaerophilic, heterotrophic, magnetic spirillum from a freshwater swamp in chemically defined medium. The organism was cultured in a magnetic as well as nonmagnetic state, and a comparative study of the nutritional and physiological characteristics of the two forms was initiated in an effort to determine conditions favorable for cell magnetism.
Crystal-bearing magnetic cells of this isolate cultured in medium containing bog water (R. P. Blakemore, R. B. Frankel, and R. S. Wolfe, Proc. 18th Annu. Hanford Life Sci. Symp., in press) and subsequently in chemically defined medium (8) have previously been shown to contain magnetite. The amount of magnetite per cell, its single domain size range, and its conformation within the cell all contributed to its effectiveness as a biocompass (R. B. Frankel and R. P. Blakemore, submitted for publication.) ( Woods Hole, Mass., provided inocula for enrichment studies and isolation. The loosely covered jars were left undisturbed in dim light at room temperature (22°C). After 1 or more months, a small amount of mud slurry containing magnetic cells was removed from one of these and diluted 100-fold into each of many small vials (Pierce Chemical Co. cat. no. 12903) containing one-sixth their volume of test medium. The vials were sealed, and the atmosphere of each was replaced with a test gas mixture. After suitable incubation, survival of magnetic bacteria was determined from direct microscopic counts of motile, magnetotactic cells. By this means, cell responses to pH and buffering characteristics, temperature, oxygen concentration, chemical reducing agents, and various iron and nitrogen sources were determined, and the results were used as a basis in constructing an isolation medium.
Isolation and growth of strain MS-1. Inocula for isolating magnetic bacteria were obtained from enrichment material by application of steady, nonuniform magnetic fields. Permanent bar magnets were used to separate large numbers of motile magnetic cells from sediment. These magnetotactic cells (of at least six distinct morphological types) were washed in filtered, sterilized bog water and injected through the stoppers of culture tubes containing prereduced, semisolid isolation medium. The isolation medium consisted of (per 90 ml of distilled water): 10 ml of filtered swamhp or bog water; 1 ml of vitamin elixir (23); 1 ml of mineral elixir (23); and 0.5 mM potassium phosphate buffer (pH 6.7). To this mixture were added: 5 ,g of vitamin B-12; 25 mg of NH4Cl; 10 mg of sodium acetate (anhydrous); 0.2 mg of resazurin; and 90 mg of ionagar no. 2 (Oxoid). The pH was adjusted to 6.7 with NaOH. This medium was prereduced under nitrogen, using titanium citrate (24) as the reducing agent, and was subsequently dispensed into culture tubes in an anaerobic hood. Inoculated tubes were incubated at 22°C in the dark until growth became evident (see Results). A well-isolated area of growth was homogenized, and cells were cloned by serial dilution into tubes containing molten, prereduced isolation medium containing 0.85% (wt/vol) Ionagar no. 2. Well-isolated colonies which appeared in these tubes after 1 week at 30°C were homogeneous as evidenced by microscopy. However, cells were again cloned, and the process was repeated a third time before cultures were considered pure.
Strain MS-1 was maintained at 30°C with weekly transfers in screw-capped culture tubes containing a semisolid growth medium consisting of (per 98 ml of distilled water): 1 ml of vitamin elixir; 1 in place before autoclaving. Cells were inoculated into cooled medium by injection through the stopper. Sufficient air was added to each bottle at the time of inoculation to provide 0.6 to 1.0% tvol/vol) 02 in the gas phase for routine culture. To assess the effect of 02 on cell growth, pure 02 was injected after removing an equivalent gas volume from each bottle.
A glass carboy was sealed with a rubber stopper fitted with a bottomless, screw-capped, 16 -mm tube which served as a gas outlet and port for inoculation and sampling. A 12-g stainless needle which had been inserted through the stopper was used as a gas inlet. It was attached to a 40-cm length of tubing contained within the carboy to allow incurrent gas to sparge through the culture medium. The medium in each carboy was autoclaved under air. Hot medium was sparged with sterile N2 while being cooled at 30°C. It was then inoculated and incubated at 30°C after sealing the carboy against further gas exchange. To estimate the iron content of individual cells, direct cell counts (see below) were made of known weights of lyophilized cell powders resuspended and brought to known volumes in sterile culture medium.
Portions of the same lyophilized powders used for iron analyses were used for cell counting.
Estimation of cell numbers. Cell numbers were determined by means of direct counts made with a Petroff-Hausser cell-counting chamber. At the end of growth, tubes containing semisolid medium were inverted to evenly disperse cells before counting.
DNA base composition. DNA from approximately 1012 cells lysed with sodium dodecyl sulfate was extracted with phenol and dialyzed against saline sodium citrate (14) . Moles percent guanosine + cytosine (G+C) was determined by buoyant density measurements in CsCl (20) and by thermal denaturation of the DNA in phosphate buffer containing EDTA (15) . Standards for thermal denaturation included DNA extracted from Pseudomonasputida (62.5 mol% G+C) and Pseudomonas maltophila (67 mol% G+C). DNAs from bacteriophage SP82G and from Escherichia coli strain B were used as standards for buoyant density measurements.
Nutrition experiments. Various carbon compounds, including sugars, amino acids, and tricarboxylic acid cycle intermediates, were tested for their ability to support growth of magnetic and nonmagnetic cells. Heat-sterilized compounds were added aseptically to screw-capped tubes, each containing 10 ml of semisolid growth medium minus succinate, acetate, and ferric quinate. Test compounds at pH 6.7 were added to a final concentration of 0.1% (wt/vol) immediately after autoclaving the basal medium. Tubes were sealed, inverted to mix the contents, and allowed to stand overnight for cooling and establishment of oxygen gradients before inoculation. Each compound was tested in triplicate, using a 0.2-mil inoculum from a 24-h culture. The results were determined by recording direct cell counts 7 days after inoculating the third sequential transfer.
Other experimental procedures. Nitrate reduction in chemically defined culture medium minus resazurin was determined with a-naphthylamine (13 (Fig. 1A) . These 43-nm crystals were smaller than those described previously in magnetic bacteria found in marine (5) or freshwater (16; R. P. Blakemore, R. B. Frankel, and R. S. Wolfe, Proc. 18th Annu. Hanford Life Sci. Symp., in press) sediments but were present in larger numbers per cell. Nonmagnetotactic cells of strain MS-1, grown in chemically defined medium minus ferric quinate, lacked detectable remanence (C. Denham, personal communication), magnetite (8) , and the chains of crystals (Fig. 1B) In sealed bottles of chemically defined medium, cells never grew when the medium was completely reduced (colorless). Trace amounts of 02 allowed substantial cell growth (Fig. 2) . However, cells grew with the shortest lag when the initial O2 concentration of the gas phase was 1 to 3% (Fig. 2) Behavior and motility. Living cells displayed forward and backward motility in a manner similar to other bipolarly flagellated spirilla such as Sprillum volutans (4, 12) . Each cell frequently spontaneously changed its swimming direction either by (i) pausing and tumbling randomly before taking a new course or by (ii) forward-to-reverse motion without a significant pause and without reorienting its long axis. Although conditions favorable for aerotaxis by cells of the organism are not well understood, they infrequently showed weak aerotactic behavior by accumulating in bands, particularly near the magnetically northernmost and southernmost edges of cover slips in wet mounts, as well as after being dispersed in tubes of semisolid media even when growth had ceased. In nonuniform magnetic fields (bar magnets) or steady uniform magnetic fields as low as 0.5 gauss (Helmholtz system), living or dead magnetic spirilla oriented within several seconds with their long axis in the north-south magnetic axis of the field (Fig. 3) . Nonmagnetic cells did not show any preferential alignment with applied magnetic fields. Approximately equal numbers of magnetic cells were observed swimming northward and southward (in the magnetic sense) in drops of culture medium examined microscopically in a magnetic field. Cell motility was less directed in weaker ambient fields, although even when no fields were intentionally applied, cells from the most magnetic cultures showed a detectable preferential north-south alignment in the local geomagnetic field. These orientations also directed the motility of magnetic bacteria in sealed liquid cultures (no oxygen gradient), because at the end of growth, with no artificial field intentionally applied, cells accumulated only at one side of the bottoms of culture vessels. In stronger magnetic fields created with small bar magnets, many cells in actively growing cultures accumulated in the vicinity of each magnetic pole.
DISCUSSION
In overall morphology, Gram-staining reaction, moles percent G+C content of its DNA and pattern of carbon sources utilized, strain MS-1 is a heterotroph which is generally similar to members of the genus Aquaspirillum (12) . However, other aspects of its biology, including its pattern of flagellation, microaerophilism, catalase and oxidase content, nitrogen metabolism, formation of coccoid bodies, and unique ability to produce magnetite, collectively prevented us from fitting the isolate into currently accepted taxonomy. For (2, 8) , and could comprise a part of a thin filament observed in these cells (Fig. 1B) Patrick (18) indicated that during an experimentally controlled change in Eh over the range associated with vertical profiles of submerged soils (-200 to +500 mV) the amount of ferrous iron and phosphorus released from soil sharply decreased above an Eh value of +200 mV (at pH values between 6 and 7). Results of our preliminary enrichment studies clearly showed that phosphorus was a limiting resource for microbial growth in water and surface sediments of Cedar Swamp. However, both magnetic and nonmagnetic cells of the spirillum isolated from this enviroument contained a large quantity of phosphorus relative to other elements detected when cultured in artificial media. Thus, the increased availability of phosphorus (and appropriate chemical forms of other elements including iron, sulfur, and nitrogen) at low redox potentials could be an irnportant factor determining the precise balance of conditions permitting optimal growth of microaerophiles in microaerobic areas and causing them to be maximally distributed there.
As might be expected from their high iron content, iron was an important requirement for magnetite synthesis by cells of MS-1. Because quinic acid did not serve as a sole carbon source for strain MS-1, we assume that the important role of ferric quinate in culture media for magnetic cells was to supply iron in a suitably chelated form for cell uptake. The requirement for bound iron appeared fairly specific, since none of a variety of other iron chelates supported magnetite synthesis. Siderophore synthesis by enteric bacteria is repressed by culture medium iron values of 0.1 to 1.0 yM (17) . Thus, if magnetic spirilla exhibit similar control of iron transport, they probably do not rely on these compounds when growing in chemically defined growth medium (15 to 30,M Fe, depending on ferric quinate added) or, for that matter, in swamp water, in which we have measured total iron values of 20 to 30 LM. Magnetic cells probably require preformed exogenous iron chelates specifically compatible with cell transport mechanisms to synthesize Fe3O4.
Magnetite synthesis (hence, cell magnetism) was not necessary for growth or survival of the magnetic bacterium studied under defined laboratory conditions. In nature, in contrast to the laboratory, magnetism may play an important role in cell survival. The very persistence of magnetic bacteria in nature, despite metabolic costs of accumulating and subsequently transporting as much as 2.0% of their dry weight as iron, suggests that magnetite synthesis has an adaptive significance. R. B. Frankel and R. P. Blakemore (submitted for publication) showed that the magnetite in cells of strain MS-1 constituted an efficient biological compass with several possible consequences. As previously suggested (5), magnetotaxis would direct magnetic bacteria downward along the geomagnetic field lines to 02-deficient areas more favorable for growth. In the places they have been found, the magnetic field of the earth is steeply inclined (the angle of dip is roughly 700 from the horizontal), and magnetic bacteria swim unidirectionally northward (5, 16) and therefore downward. The microaerophilic nature of isolate MS-1 is consistent with the possibility that magnetic bacterial species benefit from their bio-compass in this way. Their magnetism would also cause cells to localize in regions of high magnetic flux density surrounding materials with high magnetic susceptibility (e.g., particulate iron) in their environment. We have observed localized growth of magnetic cells at the ends of iron nails placed in chemically defined culture medium (unpublished data). Conceivably, localization of these microaerophiles could promote their survival in nature by enabling them to collectively render unfavorable microhabitats more favorable for survival (by locally reducing the amount of 02, for instance).
Magnetotaxis, particularly at geomagnetic field strengths, is very likely but one response of a repertoire of behaviors which collectively determine the natural distribution of magnetic cells. For instance, when magnetic cultures of ,J. BACTFIRIOL, strain MS-1 were examined microscopically, approximately equal numbers of spirilla were observed swimming in either direction along the north-south magnetic axis of the drop. This is unlike the unidirectional migration of magnetotactic bacteria observed previously in marsh and swamp muds (5, 16) and could be explained by assuming that once oriented in the magnetic field, a subsequent choice of swimming direction by each spirillum was determined by its normal forward and reverse swimming motions which, in other spirilla (4, 12) , are made in response to gradients of oxygen or other chemicals.
Continuing studies of magnetic bacteria may reveal their possible roles in iron biogeochemistry and in contributing to the paleomagnetic record of the earth. Although several eucaryotes, including bees and homing pigeons (22) , which are also geomagnetically responsive, are now known to contain magnetite, axenic bacterial systems hold the promise of being the most useful for studying the biosynthesis of a magnetite compass. This, together with the need for additional axenically cultivable bacterial species for comparative studies of taxonomy, magnetism, and physiology, remain important attractions for microbiologists.
